Abstract: Seeds of many forage species have dormancy, delaying germination in the field. Species from semiarid environments may have adaptation to fire, therefore, the effects of priming seeds of common forage species in aqueous smoke solutions were studied. Seeds of eight grasses and two legumes were primed in serial dilutions of aqueous smoke solutions and then dried before germination tests. Depending on the species and concentrations of solutions, priming seeds acted independently or in interaction with light and (or) temperature to improve germination in Altai wildrye (Leymus angustus), green needlegrass (Nassella viridula), Kura clover (Trifolium ambiguum), needle-and-thread (Hesperostipa comata), northern wheatgrass (Elymus lanceolatus), orchard grass (Dactylis glomerata), plains rough fescue (Festuca hallii), Russian wildrye (Psathyrostachys juncea), and western wheatgrass (Pascopyrum smithii). Priming seeds of cicer milkvetch (Astragalus cicer) in distilled water or aqueous smoke solutions had no effect on germination (P > 0.05). Priming seeds in aqueous smoke solutions partially substituted the light requirement for germination in seven species. Priming seeds in aqueous smoke solutions before sowing in the field did not change total seedling emergence (P > 0.05), but increased standing crop for orchard grass and Plains rough fescue. Overall, the beneficial effects of priming in smoke solutions on perennial age species are less than species from environments adapted to more frequent fires.
Introduction
Slow combustion of dry or green plant materials produces smoke and compounds that are volatile, water soluble, and can potentially break seed dormancy, stimulate germination (Jager et al. 1996a) , and influence seedling establishment and density (Gerhard et al. 2006) . Some species have evolved seeds that respond to smoke (van Staden et al. 2000) , re-establishing plant communities in the Californian chaparral (Keeley and Pizzorno 1986) , the South African fynbos (De Lange and Boucher 1990) , the Australian Kwongan , and the Mediterranean Basin (Crosti et al. 2006) .
Treating seeds with smoke promotes germination when applied under field or controlled environmental conditions , but at high concentrations of smoke, seedling growth may be inhibited (Adkins and Peters 2001; Light et al. 2002; Kulkarni et al. 2007 ). Studies on other seeds have shown them to be nonresponsive to smoke treatments (Brown and van Staden 1997; Jager et al. 1996a) . Butenolide 3-methyl-2H-furo [2,3-c]-pyran-2-one isolated from plant derived smoke (Daws et al. 2008 ) and burned cellulose (Flematti et al. 2004 ) may promote the germination of several species at high concentrations (Baldwin et al. 1994) . It is possible that multiple compounds in smoke may stimulate germination (Flematti et al. 2009 ); at least three compounds in smoke promote germination of Nicotiana attenuata Steyd. (Baldwin et al. 1994) . The chemical compounds present in smoke may also interact with other environmental factors such as heat, incubation temperature, and light to stimulate germination (Brown et al. 1994) .
The mechanisms involved in smoke action on seed germination are not known, but smoke and its compounds enhance the passage of solutes through seed membranes of some species (Keeley and Fotheringham 1997) by increasing seed coat permeability to water and oxygen in ways similar to scarification (Drewes et al. 1995; Egerton-Warburton 1998) . This mechanism may depend on species (Baxter et al. 1995; Keeley and Fotheringham 1997) , but not on plant life form . Smoke can stimulate germination in numerous species, but most studies have focused on species native to fire-prone ecosystems. Even though the stimulating effects of smoke on germination have been investigated in many species (Adkins and Peters 2001) , there is a need for further research on the ecological significance of this response (Reyes and Traband 2009) . Apparently no studies in Canada have evaluated the effects of pre-treating seeds of legumes and grasses in the prairies with aqueous smoke solutions produced by burning wheat (Triticum aestivum L.) straw or prairie hay (Festuca hallii Vasey.) on seed germination, seedling growth, and standing crop. The ten forage crops were selected because slow establishment from seeds are common for forage species. The objectives of this study were to determine the effects of aqueous extracts of smoke, derived from wheat straw (Triticum aestivum 'Unity') and hay collected from native fescue prairie (Festuca hallii Vasey.), on germination, seedling emergence, and standing crop of eight grasses and two legumes that are recognized to be slow to establish from seed.
It was hypothesized that various dilutions of aqueous smoke solutions prepared from wheat straw or prairie hay may affect seed germination, seedling emergence, and plant biomass while acting alone or in interaction with alternating temperatures and (or) light.
Materials and Methods

Species tested
Seeds of ten species were tested. Seven were cultivars: 
Construction of the combustion chamber
A combustion chamber was constructed by assembling a wooden board, an electric ring heater, a 75 L metal garbage can, silicon tubing, a flask containing distilled water, and an air supply hose with a pressure gauge attached. The electric ring heater was attached to the wooden board, leaving room for the power cord to exit from the bottom of the board. Two holes were drilled on opposite sides of the 75 L metal garbage can; one directly connected to a pressure gauge linked to an air supply hose and the other connected to silicon tubing leading into 4 L of distilled water in a flask.
Preparation of aqueous smoke solutions
Stock, aqueous smoke solutions (Adkins and Peters 2001) were produced by burning dry wheat straw or prairie hay. Eight subsamples of 200 g each of wheat straw or prairie hay were individually placed in a 10 L metal container and placed on the electric ring heater. The 75 L metal garbage can was then inverted and placed on the wooden board to enclose the ring heater and the 10 L metal container containing plant materials. Electric power was supplied to the ring heater, and air was also passed into the combustion chamber through the air hose and pressure gauge at 70 to 140 kPa. Smoke generated from the eight subsamples was continuously passed through the attached silicon tubing and bubbled into 4 L of distilled water in a flask. About 20-30 min were required to completely smoulder each 200 g subsample. Four replicates of stock solution (1/1 v/v dilution) were produced per experimental run for wheat straw, and prairie hay.
Temperatures in the combustion chamber averaged 165°C (SE = 5.0) during smouldering of the plant materials.
Germination tests
From the stock solutions (1/1 v/v), serial dilutions (1/1000 v/v, 1/100 v/v, and 1/10 v/v) were made for wheat straw or prairie hay. Distilled water (0/1 v/v) and nonprimed, dry seeds were included as controls. A factorial arrangement (smoke dilutions, incubation temperatures, and light) was used in a randomized-completeblock-design within species using four replicates, and the experiment was repeated once. For each species, 50 seeds were placed in 50 mL centrifuge tubes, primed by adding 10 mL of distilled water, 1/1000 v/v, 1/100 v/v, 1/10 v/v, or 1/1 v/v aqueous smoke solutions, sealed with a cap and kept in darkness for 24 h at 20°C. Primed seeds were transferred to 10 cm Petri dishes lined with two layers of Whatman #1 filter paper and dried for 7 d at 20°C in darkness. Seeds were dried because they would have to be dried if planted using a conventional seeder. Each Petri dish containing 50 seeds was moistened with 5 mL of distilled water, and incubated at 10/0°C or 25/15°C alternating temperatures with 12 h light/12 h darkness or 24 h darkness. Germinated seeds (radicle ≥2 mm) were counted at 7-d intervals for 49 d. A green safe light was used while checking germination of seeds incubated in darkness to avoid exposure to light (Drewes et al. 1995) . Germinated seeds were transferred to a new Petri dish and seedlings were allowed to grow for 7 d under 12 h light/12 h darkness at 25/15°C. Total seedling lengths (the lengths of radicle + the length of the hypocotyl) were measured after 7 d.
Determination of seed dormancy
Seed viability tests were conducted using Tetrazolium Chloride (Grabe 1970) . For viability tests, seeds were primed in distilled water for 5 h, transferred to Tetrazolium Chloride solution, and left for 18 h at 20°C. Staining patterns and intensity of colouration were then observed and viability was interpreted (Hampton et al. 1999) . Where seeds stained evenly, they were assumed viable. Seed viability in the species tested ranged from 56% to 97%.
Seed viability was based on results from Tetrazolium Chloride tests (n = 50). Within species, a dormancy percentage value was determined by subtracting average germination percentages of non-primed, dry seeds from viability percentages. Negative values (actual germination > viability) were adjusted to zero. Seed dormancy was between 12% and 70% for the 10 species.
Determination of days to 50% total germination
The Chapman-Richards growth function has been widely used to define sigmoid curves (Roman et al. 2000) and it fits a cumulative germination time course (Durmur et al. 1990 ). It takes the form:
where g = germination percentage, t = time, a = the asymptote, b = the rate parameter, and c = the shape parameter (Qiu et al. 2006) . In this study, the ChapmanRichards growth function was used to derive the days to 50% of total germination (T 50 ):
where g = total final germination, a = the asymptote, b = the rate parameter, c = the shape parameter, and T 50 = days to 50% of total germination.
Seedling emergence under field conditions
This study was conducted from mid-May to the end of August in 2012, and repeated in 2013, at the University of Saskatchewan Field Laboratory (Lat. 52°8′6.9″, Long. 106°37′18.8″, elev. 504 m) (Environment Canada 2013 ). This location is on the Saskatoon Plain within the Moist Mixed Grassland Ecoregion of Saskatchewan and is characterized by a sub-humid, semi-arid continental climate with short, warm summers, and long, cold winters (Acton et al. 1998 For each species, six replicates of 250 seeds were primed in 24 h darkness at 20°C using distilled water, and 1/100 v/v aqueous smoke solutions generated from wheat straw or prairie hay, dried at 20°C for 7 d in 24 h darkness, and placed in paper envelopes. Three non-primed lots of 250 seeds each served as non-primed controls. The 1/100 v/v aqueous smoke solution was chosen because maximum germination was observed at this concentration in preliminary studies. Forty-four plots measuring 2 m × 2 m were established with each plot consisting of 6 rows with 30 cm row spacing. All rows within a plot were seeded to the same crop using a single row hand seeder. A 60 cm buffer (cultivated but unseeded) was created around plots. A randomizedcomplete-block-design with four replications was used with the priming treatments of wheat straw, prairie hay, distilled water, and no priming (control) replicated four times within species. Non-primed seeds were also sown in the two outer rows of each plot to ensure that seedlings emerging in the four priming treatments would have equal competition on both sides of the row. Seedling emergence was recorded weekly, and plots were weeded as needed during the experiment. Plots were irrigated when necessary to minimize water stress. Ten weeks after seeding, a 1 m biomass sample was taken in the centre of each of the seeded rows. Each sample was taken in the centre of the row by clipping at ground level. These samples were placed in paper bags, dried at 80°C for 48 h, and weighed.
Data analysis
Data from germination tests were analyzed with analysis of variance in a randomized-complete-block design for a factorial experiment using the maximal linear mixed model procedure on the R statistical package (R Development Core Team 2011). In a linear mixed model, the fixed and random effects contribute linearly to the response function (R Development Core Team 2011; Pinheiro et al. 2013) . Within species, a maximal model was fixed that included either total germination, germination rate, or seedling lengths as the dependent variable, and in each case, the main effects and all possible interactions of priming, temperature, light, and fuel type were independent variables. Replicates and runs were factored into the model as random effects. When dependent variables varied significantly among priming treatments (P ≤ 0.05), means were compared using all possible pairwise contrasts. For priming × temperature or priming × light interactions, means were compared within each temperature (10/0°C or 25/15°C) or light treatments (24 h darkness or 12 h light/12 h darkness). Variations in the priming × temperature × light interaction were compared within light treatments and each temperature. For the field study, seedling emergence, seedling emergence rates, and above-ground biomass were tested within species with a factorial analysis of variance in a randomized complete block design with priming treatments, and year as independent variables. Means were compared when dependent variables varied significantly among priming treatments (P ≤ 0.05).
Results
Responses observed in these studies indicate priming seeds in aqueous smoke solutions made from wheat straw or prairie hay has the potential to stimulate germination, seedling growth, and biomass of some species through independent or interacting effects of light, incubation temperatures, and fuel type. For all species, high concentrations of aqueous smoke solutions either did not cause significant changes in germination or reduced germination.
Effects of aqueous smoke solutions on seed germination and seedling growth Priming seeds in low concentrations of aqueous smoke solutions had no effect on total germination of cicer milkvetch and kura clover, but at the highest concentration (1/1), total germination was reduced from 40% to about 5% in kura clover (Fig. 1) . The highest concentration of aqueous smoke solution also slowed the germination of Russian wildrye and kura clover by 3 d and 2 d to 50% total germination, respectively (Fig. 1) . Priming seeds in low concentrations of aqueous smoke solutions increased seedling lengths of needle-andthread by 100% and Altai wildrye by 28%, but not at high concentrations (Fig. 1 ).
Interactive effect of light and aqueous smoke solutions on germination and seedling growth A significant interaction was observed between priming seeds in aqueous smoke solutions and light. Total germination was improved after priming seeds in at least some dilutions of aqueous smoke solutions compared to distilled water under 12 h light/ 12 h darkness (needle-and-thread), 24 h darkness (orchard grass), and light or darkness (green needlegrass) (Fig. 2) .
The effect of aqueous smoke solutions and temperature interactions on seed germination and seedling growth Priming seeds in aqueous smoke solutions interacted with temperature to affect total germination, germination rates, and seedling lengths of some species (Fig. 3) . Total germination was improved in green needle grass at 25/15°C, orchard grass (10/0°C or 25/15°C), Russian wildrye at 25/15°C, and northern wheatgrass at 25/15°C after priming seeds. However, except for the 1/10 v/v dilution, other dilutions did not improve the germination of green needlegrass. High concentrations of aqueous smoke solutions reduced the total germination of northern wheatgrass at 10/0°C, western wheatgrass at 25/15°C, and Russian wildrye (10/0°C and 25/15°C). Total germination of western wheatgrass and northern wheatgrass were also reduced at 10/0°C. Priming seeds in low concentrations of aqueous smoke solutions accelerated germination of green needlegrass and plains rough fescue at 25/15°C, and needleand-thread grass at 10/0°C. Priming seeds in high concentrations of aqueous smoke solutions increased the speed of germination for needle-and-thread at 10/0°C and plains rough fescue and western wheatgrass at 10/0°C and 25/15°C. Seedling lengths for plains rough fescue were reduced at 10/0°C after priming seeds.
The effect of aqueous smoke solutions, temperature, and light interactions on seed germination and seedling growth Total germination of plains rough fescue, was lower at 10/0°C that at 25/15°C (Fig. 4) . Total germination of this species increased at 25/15°C after priming in distilled water (30% in darkness), the 1/100 v/v dilution (36% in darkness), and the 1/1000 v/v dilution (50% in light) relative to the non-primed control. Seeds of orchard grass germinated faster after priming in distilled water and aqueous smoke solutions at 10/0°C in darkness, but not in light, as compared with the non-primed control (Fig. 4) . Incubating seeds of kura clover in 24 h darkness at 10/0°C after priming in the 1/1000 v/v and 1/100 v/v dilutions increased seedling lengths relative to distilled water, but distilled water and aqueous smoke solutions reduced seedling lengths when compared with the nonprimed control (Fig. 4) .
Plant materials used to generate aqueous smoke solutions affect seed germination and seedling growth
Seedling lengths of cicer milkvetch, green needlegrass, kura clover, northern wheatgrass, orchard grass, Russian wildrye, and western wheatgrass were affected by the interaction between priming and fuel type (wheat straw or prairie hay) (Fig. 5) . Priming seeds of cicer milkvetch and kura clover in aqueous smoke solutions made from prairie hay reduced seedling lengths at the two highest concentrations but this did not occur for solutions made from wheat straw. Seedlings of orchard grass and western wheatgrass were longer when primed in smoke solutions made from prairie hay. Seedling lengths Fig. 2 . Interactive effects of light and smoke solutions on the germination percentages of needle-and-thread, green needlegrass, western wheatgrass, Altai wildrye, northern wheatgrass, and orchard grass seeds after priming in serial dilutions of aqueous smoke solutions and incubating in 24 h darkness or 12 h light/12 h darkness at 10/0°C or 25/15°C incubation temperatures. Means with asterisk were significantly different (P ≤ 0.05) from distilled water within each light treatment. Bars represent (±) standard error. of northern wheatgrass and Russian wildrye increased after priming seeds in some concentrations of aqueous smoke solutions made from both fuel sources, but other concentrations reduced seedling lengths. Priming seeds in high concentrations of aqueous smoke solutions of prairie hay generally depressed seedling growth for all species, but it increased the speed of germination for northern wheatgrass as compared with distilled water and (or) the non-primed control (Fig. 5 ).
The effect aqueous smoke solutions on biomass and seedling emergence
Within species, priming seeds did not cause significant differences in percent seedling emergence and emergence rates of seedlings in the field. However, an increasing trend of greater percentage of seedling emergence was observed for orchard grass seeds primed in aqueous smoke solutions (Fig. 6) . Similarly, cicer milkvetch and Russian wildrye, showed a trend of emerging about 1 to 3 d faster to 50% of total emergence after priming seeds in smoke solutions of wheat straw and prairie hay, respectively, relative to priming in distilled water (Fig. 6 ). Seed priming in aqueous smoke solutions made from wheat straw and prairie hay increased standing crop of orchard grass by 57% and 45%, respectively, as compared with priming seeds in distilled water and the non-primed controls (Fig. 6) . Priming seeds in the aqueous solution made from prairie hay also increased the standing crop of plains rough fescue by 10% relative to controls.
Discussion
Aqueous smoke solutions, seed germination and seedling growth High concentrations of aqueous smoke solutions reduced total germination of kura cloverand Russian wildrye, similar to previous observations that high concentrations of aqueous smoke solutions reduced seed germination of Acacia robusta (Kulkarni et al. 2007) . Similarly, Karrikinolide, a specific compound isolated from smoke, may stimulate germination in responsive species by acting like cytokinin and auxin plant hormones, but not at high concentrations (Jain et al. 2008) . Reduced total germination in kura clover and Russian wildrye may be attributed to inhibiting or toxic compounds present in smoke at high concentrations or different compounds becoming active at different concentrations (Boucher and Meets 2004) , impeding water uptake and mobilization of energy reserves . Cicer milkvetch did not respond to priming of seeds in aqueous smoke solutions, agreeing with observations for other legumes; seed germination of Cochlospermum planchonii Hook. f., Cassia mimosoides Linn., and Tephrosia pedicellata Baker was not responsive to priming in aqueous smoke solutions (Razanamandranto et al. 2005; Dayamba et al. 2010) . Some species of Amaryllidaceae (Jager et al. 1996a; Brown et al. 2003) are also nonresponsive to aqueous smoke solutions because of physical dormancy caused by a hard seed coat. Therefore, pre-treating seeds of cicer milkvetch using treatments such as scarification to reduce physical dormancy may Fig. 4 . Interactive effects of aqueous smoke solutions, temperature, and light on seed germination and seedling growth of orchard grass, plains rough fescue, and kura clover after priming in serial dilutions of aqueous smoke solutions and incubating in 24 h darkness or 12 h light/12 h darkness at 10/0°C or 25/15°C incubation temperatures. Means with asterisk were significantly different (P ≤ 0.05) from distilled water within each treatment. Bars represent (±) standard error. Interactive effects of the source plant material from which aqueous smoke solutions were generated on the germination and seedling growth of northern wheatgrass, kura clover, cicer milkvetch, orchard grass, western wheatgrass, and Russian wildrye after priming seeds in serial dilutions of aqueous smoke solutions made from either prairie hay or wheat straw and incubating in 24 h darkness or 12 h light/12 h darkness at 10/0°C or 25/15°C incubation temperatures. Means with asterisk were significantly different (P ≤ 0.05) from distilled water within each fuel type. Bars represent (±) standard error.
Days to 50% total germination be necessary before priming in aqueous smoke solutions. It was also observed in this study that high concentrations of aqueous smoke solutions resulted in earlier germination of kura clover and Russian wildrye irrespective of its negative effect on their total germination. It should be noted that rapid germination was related to low total germination; at high concentrations of aqueous smoke solutions, only a few seeds germinated, but they germinated more rapidly compared with the nonprimed control. Smoke treatment of seeds also promoted germination rate, but not total germination of several arable species (Adkins and Peters 2001) . In addition, priming seeds in low concentrations of aqueous smoke solutions increased seedling lengths for Altai wildrye and needle-and-thread, but this increase was not found at high concentrations, further confirming that high concentrations of inhibiting compounds in aqueous smoke solutions may also reduce seedling growth (Light et al. 2002) . However, under natural environmental conditions, these inhibiting compounds may be diluted or washed away by rain without affecting their potential to stimulate germination (Baldwin et al. 1994; Brown and van Staden 1997) .
Germination responses to light and aqueous smoke solutions
Light can break dormancy, improve, and accelerate seed germination (Farmer 1997) , and dormant seeds are metabolically active and have the potential to respond to light signals that can stimulate germination (Bewley 1997) . Improved germination of orchard grass, green needlegrass, and Altai wildrye in 24 h darkness as supposed to 12 h light/12 h darkness, indicate buried seeds of these grasses may germinate after treatment or fire as reported for Stylidium affine and Hibbertia commutata (Tieu et al. 2001 ). Fifteen to twenty-five percent greater germination in darkness than in light has been reported for Stipa viridula (green needlegrass) at temperatures below 20°C (Fulbright et al. 1983 ). Higher germination in darkness compared to light could also suggest the active compounds in aqueous smoke solutions may have partially replaced a light requirement for seed germination (Hardegree 1994) . The interaction observed between priming of seeds and light treatments during incubation indicates smoke may stimulate germination in these species over a wide range of light conditions. Light promoted seed germination of orchard grass (Qiu et al. 2008 ) and needle-and-thread, and perhaps by interacting with compounds in smoke (Brown et al. 1994) . However, in this study, total germination of orchard grass was improved in 24 h darkness and not in 12 h light/12 h darkness, suggesting that the active ingredients in smoke could have impeded light-promoting effects on germination of orchard grass.
Depending on light treatment, the compounds in aqueous smoke solutions may have affected the germination of northern wheatgrass, orchard grass, Altai wildrye, needle-and-thread, western wheatgrass, and green needlegrass by activating hormones (Kulkarni et al. 2007 ). Compounds in aqueous smoke solutions are known to activate the phytochrome system, leading to increased sensitivity of seeds to light and GA (gibberrelic acid) , and decreased sensitivity to ABA (abscisic acid) (Grappin et al. 2000) , which are necessary to stimulate seed germination in many species (Grappin et al. 2000) . Biosynthesis of GA is also regulated by light and temperature (Yamaguchi et al. 1998 ). Germination responses to aqueous smoke solutions and temperature
Total germination of northern wheatgrass, orchard grass, Russian wildrye, and green needlegrass was improved after priming seeds in aqueous smoke solutions. Seed priming also interacted with incubation temperatures to accelerate germination of Altai wildrye, plains rough fescue, needle-and-thread, western wheatgrass, and green needlegrass, and seedling lengths of plains rough fescue. Promotion of germination of green needlegrass at 10/0°C by only the 1/10 v/v concentration of aqueous smoke solution suggests a narrow window exists for smoke action and the compounds in smoke may alter the temperature requirements for seed germination after alleviating dormancy. Spring seeding of green needlegrass may be desirable due to its high germination at low temperatures. Fall seeding may also be desirable, in which case seeds may over-winter and germinate in spring. Conversely, total germination in orchard grass increased over a wide range of alternating temperatures after priming seeds in aqueous smoke solutions or distilled water, agreeing with previous reports on its response to alternating temperatures (Pannangpetch and Bean 1984; Qiu et al. 2008) . It is likely that priming interacted with temperature to alter the state of dormancy in orchard grass seeds, allowing them to germinate over a wider range of temperatures (Batlla et al. 2003) .
Total germination of northern wheatgrass, western wheatgrass, and Russian wildrye was either increased or reduced in response to the two temperature treatments and aqueous smoke concentrations. These responses underscore the role of temperature and smoke concentrations in the germination of these three species. The toxic effects likely posed by high concentrations of aqueous smoke solutions, may have slowed germination by either inhibiting physiological processes or killing the seeds. Priming accelerated the germination of green needlegrass and plains rough fescue at 25/15°C, and that of plains rough fescue, needle-and-thread, and western wheatgrass at 10/0°C, but it reduced seedling lengths for plains rough fescue at 10/0°C.
Effect of fuel type on seed germination and seedling growth
Seedling lengths for cicer milkvetch and kura clover were reduced by priming seeds in at the two highest concentrations of aqueous smoke solutions made from prairie hay but there were no differences with wheat straw smoke solutions. Seedlings of western wheatgrass and green needlegrass were longer with prairie hay smoke solutions at low concentrations. Responses of western wheatgrass and orchard grass are similar to those of Stylidium affine for which higher germination was observed in response to aqueous smoke solutions made from Avena fatua hay relative to aqueous smoke solutions derived from cellulose (Downes et al. 2013) . Similarly, prairie hay and wheat straw solutions increased seedling lengths of northern wheatgrass and Russian wildrye and increased germination speed in seeds of northern wheatgrass primed in prairie hay solution. These varied responses to priming seeds in different aqueous smoke solutions further strengthen existing evidence (Brown and van Staden 1997; Jager et al. 1996b ) that responses to smoke are complex and species specific. However, it was not the objective of the present study to investigate if aqueous smoke solutions made from prairie hay or wheat straw contain different active compounds. Therefore, further research may be needed to identify the compounds involved.
Seedling emergence and standing crop in the field
Priming seeds did not cause significant differences in percent seedling emergence and seedling emergence rates among treatments in the field. However, priming seeds in the highest concentrations of aqueous smoke solutions increased standing crop of orchard grass and plains rough fescue. Temperatures fluctuations under field conditions may have alleviated seed dormancy of orchard grass (Benech-Arnold et al. 2000) . Increased germination of orchard grass has also been observed after fires (Perez-Fernandez and Rodriguez-Echeverria 2003) . Both species also responded positively to priming treatments in the laboratory indicating beneficial effects of smoke. The differences in field and the laboratory responses observed for other species tested may be attributed to changes in soil temperature and moisture (Roman et al. 1999; Shrestha et al. 1999) , physical constraints of the soil (Vleeshouwers 1997; Vleeshouwers and Kropff 2000) , seed burial depth (Qi and Redmann 1993; Vleeshouwers 1997; Qaderi et al. 2002) , and water stress (Helms et al. 1996) .
In conclusion, depending on plant species, concentrations, and environmental factors, plant derived aqueous smoke solutions made from prairie hay or wheat straw may stimulate seed germination, seedling emergence, and standing crop of some or all of the species tested in this study with the exception of Astragalus cicer. However, for a number of the species, the highest concentrations of smoke solution had negative effects on germination characteristics. Stimulating germination through smoke treatments could be a useful pre-sowing treatment; however, the correct type of plant material, combustion temperature, and concentration of smoke solutions must be used. When necessary, priming seeds in aqueous smoke solution is a practical and easy way to treat large quantities of seeds in a short period of time. In general, smoke water has been used to treat small quantities of native seeds but there is a potential for large scale application when a standardized protocol for smoke water generation and seed treatment is developed.
